The aim of this research was to investigate the effects of charcoal and Kraft-lignin additions on the structure, cold compression strength, and reactivity of bio-cokes produced at the laboratory scale. Bio-cokes were prepared by adding charcoal and 5.0, 7.5, and 10 .0 wt %) to medium-volatile coal and coking the mixture with controlled heating rate (3.5 • C/min) up to 1200 • C. In addition, four particle sizes of charcoal were added with a 5 wt % addition rate to investigate the effect of particle size on the compression strength and reactivity. Thermogravimetric analysis was used to evaluate the pyrolysis behavior of coal and biomasses. Optical microscopy was used to investigate the interaction of coal and biomass components. It was found that by controlling the amount of charcoal and Kraft-lignin in the coal blend, the compression strength of the bio-cokes remains at an acceptable level compared to the reference coke without biomass addition. The cold compression strength of the charcoal bio-cokes was higher compared to Kraft-lignin bio-cokes. The reactivity of the bio-cokes with charcoal addition was markedly higher compared to reference coke and Kraft-lignin bio-cokes, mainly due to the differences in the physical properties of the parental biomass. By increasing the bulk density of the coal/biomass charge, the cold compression strength of the bio-cokes can be improved substantially.
Introduction
The sustainability of iron and steel production is heavily dependent on the used fuels. Large quantities of fossil-based carbon, mainly in the forms of coal and coke, is needed in the iron oxide reduction and melting. Coal is considered to be a non-renewable fuel and the emitted CO 2 emissions are accumulated in the atmosphere. The use of biomass in metallurgical unit processes has been identified as one of the future technologies to decrease the use of non-renewable fuels, thereby decreasing the CO 2 emission accumulation in the atmosphere [1] . The carbon cycle of biomass, such as wood, is short; the CO 2 released in the burning of the wood is captured back to the wood as it grows again. This means that the CO 2 level in the atmosphere is not growing. Biomass could be used in several applications in iron and steelmaking, including injection to the blast furnace (BF) and use in the coking plant to produce bio-coke [2] .
Metallurgical coke production is done with high-temperature carbonization (1000-1200 • C) with the absence of air. When part of the fossil coking coal is replaced with some sort of biomass, it is termed as bio-coke [2] . Several types of biomass-based materials have been added to the coal blend to see their effects on coke quality. Raw biomasses [3, 4] ; woody components; cellulose and lignin [5] ; torrefied biomass [4, 6] ; and pyrolysis products, such as charcoal, tar, and bio-oil [4, 5, 7] , have been incorporated into the coal blend. Kraft-lignin, which is a by-product from Kraft pulping process black
Materials and Methods

Materials
A medium volatile coking coal, charcoal produced from pine chips and Kraft-lignin, recovered from the pulping process were used as raw materials in this study. Bituminous coal with 23.1 wt % volatile matter on a dry basis, maximum Gieseler fluidity 545 ddpm and 10.9 wt % total moisture was used as a basic component of the blends. Pine chips that were used as raw material for charcoal production were produced from young, pruned stems and dried before carbonization. Carbonization of the pine chips was done in an in-house-built slow pyrolysis reactor. The heating rate in the carbonization was 5 • C/min and the heating was terminated when the internal temperature of the sample reached 600 • C. Kraft-lignin was dried before the coking process in 105 • C for 6 h. The chemical analysis of the coking coal was done at the SSAB Europe Raahe steel plant, located in Raahe, Finland. The chemical analysis of the charcoal and Kraft-lignin was done in external certified laboratory service provider (AHMA ympäristö Oy) according to applicable standards. The chemical composition of charcoal ash was determined with X-ray fluorescence (XRF) (Bruker AXS S4 Pioneer, Bruker AXS GmbH, Karlsruhe, Germany) and the chemical composition of Kraft-lignin was conducted by an external certified laboratory. The basicity index, BI (%), of the coal, charcoal, and Kraft-lignin was defined as the ratio between the basic and acid components in the ash (Equation (1)) [10] . 
where A is the ash percentage of the sample. Coking coal and charcoal were crushed with a jaw crusher and ground with ring grinder. Kraft-lignin was ground in an agate mortar. After grinding, the samples were sieved to the wanted particle sizes. The particle size of the coking coal was as follows:
Energies 2017, 10, 1850 3 of 15 70 wt % was sieved to a size range of 0.5-1.0 mm and 30 wt % to smaller than 0.5 mm. Charcoal and Kraft-lignin additions (described in Section 2.3) decreased the proportion of larger coking coal in the blend. For example, in the case of 10 wt % charcoal addition the coal proportions were 60 wt % of 0.5-1.0 mm and 30 wt % of <0.5 mm coal particles.
Thermogravimetric Analysis
Thermogravimetric and differential thermogravimetric (TG/DTG) analysis of coal, charcoal, and Kraft-lignin was conducted with a Netzsch STA 409 PC Luxx (NETZSCH-Gerätebau GmbH, Selb, Germany). The temperature was raised from room temperature to 1200 • C at a heating rate of 3.5 • C/min in purified nitrogen (99.999%) at a flow rate of (60 mL/min) to maintain an inert atmosphere. The sample size was approximately 15 mg with a particle size of 125-250 µm. Normalized volatile matter evolution up to a specific temperature (VMT) was calculated according to procedure described in [18] (Equation (2)).
where VMT denotes the volatile matter evolved up to specific temperature and normalized to 100 wt %. M 0 , M f , and M i are the initial mass, final mass, and mass at time i, respectively.
Coking Experiments
Coking experiments were conducted in a laboratory-scale coking battery ( Figure 1 ). The coking battery is made of a cubical graphite frame and nine coking cylinders made from graphite. The coking cylinders with inner diameters of 22 mm, inner heights of 45.5 mm, and volumes of 17.3 mL were filled with coking coal and biomass. Perforated lids were placed upon the coal charge to avoid excessive coal swelling and to release the gases generated during the coking. Graphite gravel and a lid made from graphite were placed on top of the graphite frame to avoid coke gasification during the coking experiment. The coking battery was placed inside a chamber furnace (Nabertherm HT08/18, Nabertherm GmbH, Lilienthal, Germany). The heating rate of the furnace was 3.5 • C/min and the final temperature 1200 • C after which the quenching of the sample started. Sample heating and cooling were done in inert atmosphere (N 2 , 2 L/min). The coking battery has been previously used to study the effect of plastic addition to coking coal blends [19] and it has been shown to produce good quality lab-scale coke for analysis. Charcoal and Kraft-lignin additions (described in Section 2.3) decreased the proportion of larger coking coal in the blend. For example, in the case of 10 wt % charcoal addition the coal proportions were 60 wt % of 0.5-1.0 mm and 30 wt % of <0.5 mm coal particles.
Thermogravimetric Analysis
Thermogravimetric and differential thermogravimetric (TG/DTG) analysis of coal, charcoal, and Kraft-lignin was conducted with a Netzsch STA 409 PC Luxx (NETZSCH-Gerätebau GmbH, Selb, Germany). The temperature was raised from room temperature to 1200 °C at a heating rate of 3.5 °C/min in purified nitrogen (99.999%) at a flow rate of (60 mL/min) to maintain an inert atmosphere. The sample size was approximately 15 mg with a particle size of 125-250 μm. Normalized volatile matter evolution up to a specific temperature (VMT) was calculated according to procedure described in [18] (Equation (2)).
where VMT denotes the volatile matter evolved up to specific temperature and normalized to 100 wt %. M0, Mf, and Mi are the initial mass, final mass, and mass at time i, respectively.
Coking Experiments
Coking experiments were conducted in a laboratory-scale coking battery ( Figure 1 ). The coking battery is made of a cubical graphite frame and nine coking cylinders made from graphite. The coking cylinders with inner diameters of 22 mm, inner heights of 45.5 mm, and volumes of 17.3 mL were filled with coking coal and biomass. Perforated lids were placed upon the coal charge to avoid excessive coal swelling and to release the gases generated during the coking. Graphite gravel and a lid made from graphite were placed on top of the graphite frame to avoid coke gasification during the coking experiment. The coking battery was placed inside a chamber furnace (Nabertherm HT08/18, Nabertherm GmbH, Lilienthal, Germany). The heating rate of the furnace was 3.5 °C/min and the final temperature 1200 °C after which the quenching of the sample started. Sample heating and cooling were done in inert atmosphere (N2, 2 L/min). The coking battery has been previously used to study the effect of plastic addition to coking coal blends [19] and it has been shown to produce good quality lab-scale coke for analysis. Composition of the coal and biomass blends in coking experiments are presented in Table 1 . Two reference cokes were produced with different masses added to the coking cylinder (reference 1 with 11 g and reference 2 with 13 g). In the case of reference coke 1, the bulk density was 634 kg/m 3 . In industrial coke production, the bulk density is usually from 650 to 800 kg/m 3 [20] or higher, depending on the location in the coking battery. The bulk density in reference coke 2 was 750 kg/m 3 . The impact of bulk density on the properties of the produced bio-cokes was evaluated with this procedure. The first objective was to evaluate the impact of charcoal particle size on the properties of the bio-cokes (BC). In these coking experiments, 5 wt % of charcoal with different particle sizes was Composition of the coal and biomass blends in coking experiments are presented in Table 1 . Two reference cokes were produced with different masses added to the coking cylinder (reference 1 with 11 g and reference 2 with 13 g). In the case of reference coke 1, the bulk density was 634 kg/m 3 . In industrial coke production, the bulk density is usually from 650 to 800 kg/m 3 [20] or higher, depending on the location in the coking battery. The bulk density in reference coke 2 was 750 kg/m 3 . The impact of bulk density on the properties of the produced bio-cokes was evaluated with this procedure. The first objective was to evaluate the impact of charcoal particle size on the properties of the bio-cokes (BC). In these coking experiments, 5 wt % of charcoal with different particle sizes was added to the coal blend. The smallest particle size was 45-90 µm and the largest 1.0-2.0 mm. The second objective was to evaluate the effect of charcoal and Kraft-lignin addition rate on bio-coke properties. The selected particle size fraction was 125-250 µm and the addition rate of charcoal and Kraft-lignin was 2.5, 5.0, 7.5, and 10 wt %. The mass of the sample in these coking experiments was 13 g. 
Cold Strength Measurements
Typically, the mechanical strength tests that measure the resistance to size reduction are based on shatter tests, where breakage occurs by impact (ASTM D3038) or revolving drum tests, where breakage and abrasion are covered (MICUM, IRSID, JIS) (ISO 556, ISO 1881, JIS K2151) [21] . Additionally, compression tests have been used to measure coke strength [22] [23] [24] [25] . In this work, a compression test was used to evaluate the cold strength of the bio-cokes. Cold strength tests were done with a Gleeble 3800 thermomechanical simulator (Dynamic Systems Inc., New York, NY, USA). The device has been previously used in coke hot strength measurements [24, 25] . The coke cylinders obtained from laboratory coking experiments were cut into three samples. Each formed coke sample had the height of 11 and diameter of 17.3 mm on average. A total of 20 compression strength measurements were done for each coke sample.
Reactivity Measurements
The reactivity tests were performed in simulated blast furnace shaft conditions including all the relevant gases (CO, CO 2 , H 2 , H 2 O, N 2 ) in realistic ratios. The gas composition, presented in Table 2 , was thermodynamically balanced at 1100 • C using thermochemical calculation software, HSC Chemistry 7.0 (Outotec, Pori, Finland) [26] . Coke reactivity was measured using a custom-built thermogravimetric analysis (TGA) furnace, which has been described in more detail in a previous study [27] (Figure 2 ). Chemical reactivity of the coke grades was measured under both isothermal and non-isothermal conditions. The isothermal reactivity tests were performed at 1100 • C and the duration of the isothermal test was 60 min. The purpose of the isothermal tests was to measure and compare the reactivity of the reference coke and bio-cokes. In the non-isothermal test, the temperature was raised from 800 • C to 1100 • C, at a heating rate of 2 • C/min, so the experiment lasted 2.5 h. The non-isothermal reactivity tests were performed to clarify the differences in the threshold temperature of reference coke and bio-coke gasification. In both reactivity tests, samples were placed into hot furnace and they were pre-heated in N 2 gas for 10 min at 800 • C in non-isothermal test and at 1100 • C in isothermal test before the reactivity test started. The coke samples used in reactivity tests were taken from the crushed coke samples from compression strength test. The mass of the coke samples was 1 g and the sample was sieved to a particle size 2-4 mm. Changes in the coke structure due to the stress experienced in the compression tests may affect the reactivity of the coke samples to some extent. However, it is anticipated that these effects are of minor significance and do not compromise the trends of the compression strength measurement results.
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Optical Microscopy
An Olympus BX51 (Olympus, Tokyo, Japan) optical microscope equipped with a digital camera was used to evaluate the interaction of coal, charcoal, and Kraft-lignin in coking process. The polished sections were examined under 10×, 20×, and 50× objective lenses, but the images were taken under 20× lenses.
Results and Discussion
Main Characteristics of the Raw Materials
The characteristics of the coking coal, charcoal, and Kraft-lignin are shown in Table 3 . Charcoal has high carbon and low oxygen content compared to virgin wood. The carbon content of the charcoal is markedly higher compared to coking coal. Ash content in charcoal and Kraft-lignin is low compared to coking coal. The ash chemistry of the coal and charcoal differs significantly. Coal ash has a high share of acid components SiO2 and Al2O3, whereas the charcoal ash has a high share of basic components CaO and MgO. The ash chemistry of the biomass depends greatly on the type of the biomass, its origin, and contaminants from handling. The share of alkalis (Na2O, K2O) is higher in charcoal ash. The carbon content of the Kraft-lignin is high compared to raw biomass, but low compared to coal and charcoal. The share of volatiles in Kraft-lignin is high. Sulfur and sodium content are high, because of the chemicals used in the Kraft pulping process. Basicity of the charcoal is around 10 and basicity of the Kraft-lignin three times higher compared to coal. Schematic picture of the custom-built thermogravimetric analysis (TGA) furnace (modified from [27] ): 1. gas cylinders; 2. gas flow controllers; 3. heated gas lines; 4. peristaltic pump; 5. deionized water; 6. gas inlet; 7. furnace tube (Al 2 O 3 ); 8. thermocouple; 9. sample holder; 10. heating element (SiC); 11. gas outlet; 12. analytical scale; and 13. computer. 
Optical Microscopy
Results and Discussion
Main Characteristics of the Raw Materials
The characteristics of the coking coal, charcoal, and Kraft-lignin are shown in Table 3 . Charcoal has high carbon and low oxygen content compared to virgin wood. The carbon content of the charcoal is markedly higher compared to coking coal. Ash content in charcoal and Kraft-lignin is low compared to coking coal. The ash chemistry of the coal and charcoal differs significantly. Coal ash has a high share of acid components SiO 2 and Al 2 O 3 , whereas the charcoal ash has a high share of basic components CaO and MgO. The ash chemistry of the biomass depends greatly on the type of the biomass, its origin, and contaminants from handling. The share of alkalis (Na 2 O, K 2 O) is higher in charcoal ash. The carbon content of the Kraft-lignin is high compared to raw biomass, but low compared to coal and charcoal. The share of volatiles in Kraft-lignin is high. Sulfur and sodium content are high, because of the chemicals used in the Kraft pulping process. Basicity of the charcoal is around 10 and basicity of the Kraft-lignin three times higher compared to coal. Figure 3 shows the devolatilization behavior of coal, charcoal, and Kraft-lignin. The yields were 77.53%, 87.53%, and 43.16% for coal, charcoal, and Kraft-lignin at 1200 • C, respectively. Medium volatile coal shows a typical devolatilization curve, where the majority of the mass loss occurs in a single step-process in a defined temperature region (from 400 • C to 500 • C). The temperature of the maximum volatile matter loss is 475 • C. Charcoal used in this study was pyrolyzed at high temperature (600 • C) and the majority of the mass loss occurred in pyrolysis. Hemicellulose and cellulose have already been decomposed at temperatures of 200-300 • C and 275-350 • C, respectively [4] . Therefore, the mass loss of the charcoal is low; only 12.47% of the charcoal mass is devolatilized in thermogravimetric experiment. There is a low peak in DTG for charcoal, with a maximum volatile matter loss occurring at 730 • C. According to the literature, this peak could be related to the formation of amorphous carbon and the concentration of aromatic rings [28] . The major fraction of mass loss of Kraft-lignin occurs between 200 • C and 500 • C, the temperature of the maximum volatile matter loss being 372 • C. The rate of the mass loss is considerably higher compared to coal and charcoal.
Devolatilization Behavior of the Raw Materials
Energies 2017, 10, 1850 6 of 15 Figure 3 shows the devolatilization behavior of coal, charcoal, and Kraft-lignin. The yields were 77.53%, 87.53%, and 43.16% for coal, charcoal, and Kraft-lignin at 1200 °C, respectively. Medium volatile coal shows a typical devolatilization curve, where the majority of the mass loss occurs in a single step-process in a defined temperature region (from 400 °C to 500 °C). The temperature of the maximum volatile matter loss is 475 °C. Charcoal used in this study was pyrolyzed at high temperature (600 °C) and the majority of the mass loss occurred in pyrolysis. Hemicellulose and cellulose have already been decomposed at temperatures of 200-300 °C and 275-350 °C, respectively [4] . Therefore, the mass loss of the charcoal is low; only 12.47% of the charcoal mass is devolatilized in thermogravimetric experiment. There is a low peak in DTG for charcoal, with a maximum volatile matter loss occurring at 730 °C. According to the literature, this peak could be related to the formation of amorphous carbon and the concentration of aromatic rings [28] . The major fraction of mass loss of Kraft-lignin occurs between 200 °C and 500 °C, the temperature of the maximum volatile matter loss being 372 °C. The rate of the mass loss is considerably higher compared to coal and charcoal. Volatile matter release at specific temperatures, normalized to 100%, is shown in Figure 4 . This graph is feasible when examining the rate of devolatilization of the added biomass fraction in the blend during the plastic deformation stage of the coal. The softening temperature of the sample coal is 423 • C and the resolidification temperature is 492 • C. From Figure 4 it can be seen that around 16% and 70% of the total mass loss of charcoal and Kraft-lignin has occurred before the plastic stage of coal starts, respectively. Even though the majority of the devolatilization of the Kraft-lignin occurs before the plastic stage of coal, around 13% of the Kraft-lignin devolatilizes during the plastic stage of the coal, which means that there is a considerable amount of gaseous compounds affecting the fluidity development. Devolatilization of charcoal during the coal plastic stage is low, only around 2% of the total mass loss. This means that charcoal produced at high temperature affects the coal fluidity mainly through physical interaction. Diez et al. [5] and Montiano et al. [4] have pointed out that high porosity chars are able to adsorb the primary decomposition products, thus reducing the fluidity of the coal. Volatile matter release at specific temperatures, normalized to 100%, is shown in Figure 4 . This graph is feasible when examining the rate of devolatilization of the added biomass fraction in the blend during the plastic deformation stage of the coal. The softening temperature of the sample coal is 423 °C and the resolidification temperature is 492 °C. From Figure 4 it can be seen that around 16% and 70% of the total mass loss of charcoal and Kraft-lignin has occurred before the plastic stage of coal starts, respectively. Even though the majority of the devolatilization of the Kraft-lignin occurs before the plastic stage of coal, around 13% of the Kraft-lignin devolatilizes during the plastic stage of the coal, which means that there is a considerable amount of gaseous compounds affecting the fluidity development. Devolatilization of charcoal during the coal plastic stage is low, only around 2% of the total mass loss. This means that charcoal produced at high temperature affects the coal fluidity mainly through physical interaction. Diez et al. [5] and Montiano et al. [4] have pointed out that high porosity chars are able to adsorb the primary decomposition products, thus reducing the fluidity of the coal. 
Effect of Charcoal and Kraft-Lignin Addition on Coke Cold Compression Strength
The maximum strength of reference coke 1 and bio-cokes with 5% charcoal addition and different particle sizes are presented in Figure 5a . The particle size of the charcoal seems to have some effect on the cold strength of the bio-cokes. Bio-cokes produced in this study have comparable, or higher, cold strength compared to reference coke 1. Qin et al. [29] have reported similar findings with small addition rates, of 3-5%, in which the cold strength can be maintained or improved. Bio-cokes with 125-250 μm charcoal particles showed the highest cold-strength. Ng et al. [30] have also found a similar effect of adding charcoal to coal blends. The cold strength of bio-cokes measured with ASTM and Irsid tumbler tests remained at high levels when the charcoal particle size was considerably smaller than the coking coal particle size. When charcoal having a coarser particle size (particle size similar or larger compared to coking coal particle size) was added to the coal blend, the cold strength of bio-cokes decreased significantly. When using the fine charcoal in the coal blend, charcoal was embedded within the coke structure, thus resulting in a strong matrix [30] .
The bulk density of the charge has a substantial impact on the cold compression strength of the coke. This can be seen in Figure 5b . An increase in the bulk density from 634 to 750 kg/m 3 resulted in almost 82% cold strength improvement between reference cokes 1 and 2 (from 9.39 to 17.08 MPa). Closer compaction of the coal particles due to the higher bulk density along with the coal expansion properties are significant factors attributing to the strength of the coke [31] .
The same trend is seen when charcoal is added to the 13 g coal blend (Figure 5b ). The cold compression strength of bio-cokes remains at a high level even when the proportion of charcoal in the blend is 7.5% or 10.0%. The main reason for high cold compression strength of bio-cokes 
The maximum strength of reference coke 1 and bio-cokes with 5% charcoal addition and different particle sizes are presented in Figure 5a . The particle size of the charcoal seems to have some effect on the cold strength of the bio-cokes. Bio-cokes produced in this study have comparable, or higher, cold strength compared to reference coke 1. Qin et al. [29] have reported similar findings with small addition rates, of 3-5%, in which the cold strength can be maintained or improved. Bio-cokes with 125-250 µm charcoal particles showed the highest cold-strength. Ng et al. [30] have also found a similar effect of adding charcoal to coal blends. The cold strength of bio-cokes measured with ASTM and Irsid tumbler tests remained at high levels when the charcoal particle size was considerably smaller than the coking coal particle size. When charcoal having a coarser particle size (particle size similar or larger compared to coking coal particle size) was added to the coal blend, the cold strength of bio-cokes decreased significantly. When using the fine charcoal in the coal blend, charcoal was embedded within the coke structure, thus resulting in a strong matrix [30] .
The same trend is seen when charcoal is added to the 13 g coal blend (Figure 5b ). The cold compression strength of bio-cokes remains at a high level even when the proportion of charcoal in the blend is 7.5% or 10.0%. The main reason for high cold compression strength of bio-cokes compared to reference coke 1 and 2 is probably the compaction of the coal charge. The bulk density of charcoal is around 250-400 kg/m 3 . This means that, in the case of 10.0% charcoal addition, more force had to be used to compact the charge into a laboratory-scale coking cylinder. The applied force was not measured in this research and it should be one of the research areas in the future. In the case of Kraft-lignin addition, compacting of the charge could not compensate for the deteriorating effect. The bulk density of dry lignin is around 650-750 kg/m 3 , which means that when the charge was prepared, the force used in the compacting was not as high as in the case of charcoal addition. Another factor that is different between charcoal and Kraft-lignin is their thermal behavior during the coking process. Charcoal was produced at high temperature, so it does not carbonize further and lose its remaining volatiles until 600 • C, onwards. At this temperature, the coal has already softened and resolidified. Kraft-lignin has high volatile matter content (66.4 wt %), which means that mass loss during the coking process is high. According to TG-analysis, the mass loss is 41.5% when the temperature has reached the softening temperature of the coal, 423 • C, and 47.5% when the temperature has reached the resolidification temperature, 492 • C. This means that empty space has been created before the plastic stage of the coal starts to evolve. Empty space, together with the fact that biomass acts as an inert material in the development of plasticity, results in a weaker coke structure in the case of bio-coke with Kraft-lignin. It has also been stated that lignin undergoes several dilation and shrinking stages at a temperature range from 140 to 600 • C [32] , which might also contribute to the formation of a weak matrix.
Energies 2017, 10, 1850 8 of 15 compared to reference coke 1 and 2 is probably the compaction of the coal charge. The bulk density of charcoal is around 250-400 kg/m 3 . This means that, in the case of 10.0% charcoal addition, more force had to be used to compact the charge into a laboratory-scale coking cylinder. The applied force was not measured in this research and it should be one of the research areas in the future. In the case of Kraft-lignin addition, compacting of the charge could not compensate for the deteriorating effect. The bulk density of dry lignin is around 650-750 kg/m 3 , which means that when the charge was prepared, the force used in the compacting was not as high as in the case of charcoal addition. Another factor that is different between charcoal and Kraft-lignin is their thermal behavior during the coking process. Charcoal was produced at high temperature, so it does not carbonize further and lose its remaining volatiles until 600 °C, onwards. At this temperature, the coal has already softened and resolidified. Kraft-lignin has high volatile matter content (66.4 wt %), which means that mass loss during the coking process is high. According to TG-analysis, the mass loss is 41.5% when the temperature has reached the softening temperature of the coal, 423 °C, and 47.5% when the temperature has reached the resolidification temperature, 492 °C. This means that empty space has been created before the plastic stage of the coal starts to evolve. Empty space, together with the fact that biomass acts as an inert material in the development of plasticity, results in a weaker coke structure in the case of bio-coke with Kraft-lignin. It has also been stated that lignin undergoes several dilation and shrinking stages at a temperature range from 140 to 600 °C [32] , which might also contribute to the formation of a weak matrix. 
Bio-Coke Reactivity in Simulated BF Shaft Conditions
Impact of Charcoal Particle Size on the Reactivity
Isothermal reactivity of reference coke 1 and bio-cokes with 5% charcoal addition and with different charcoal particle sizes is presented in Figure 6a . There is no clear pattern in bio-coke reactivity in relation to charcoal particle size. Reference coke 1 has the lowest reactivity throughout the test. In the beginning it seems that bio-cokes with larger charcoal particle sizes are more reactive. However, at the end of the test, the bio-coke with the smallest charcoal particles (45-90 μm) has the highest mass loss (Figure 6a ). In previous literature, it has been presented that a finer particle size of the charcoal in coal blend results in more reactive bio-coke, compared to bio-coke with a coarser particle size [7, 30] . These investigations have used the CRI test in which CO2 is used as the gasifying component.
The threshold temperature shows the temperature at which the notable mass loss of the coke begins in the presence of gasifying gas components. The importance of the threshold temperature of coke gasification to the blast furnace process has been thoroughly discussed in [27] . Together with 
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Isothermal reactivity of reference coke 1 and bio-cokes with 5% charcoal addition and with different charcoal particle sizes is presented in Figure 6a . There is no clear pattern in bio-coke reactivity in relation to charcoal particle size. Reference coke 1 has the lowest reactivity throughout the test. In the beginning it seems that bio-cokes with larger charcoal particle sizes are more reactive. However, at the end of the test, the bio-coke with the smallest charcoal particles (45-90 µm) has the highest mass loss (Figure 6a ). In previous literature, it has been presented that a finer particle size of the charcoal in coal blend results in more reactive bio-coke, compared to bio-coke with a coarser particle size [7, 30] . These investigations have used the CRI test in which CO 2 is used as the gasifying component.
The threshold temperature shows the temperature at which the notable mass loss of the coke begins in the presence of gasifying gas components. The importance of the threshold temperature of coke gasification to the blast furnace process has been thoroughly discussed in [27] . Together with the reduction properties of the iron burden, the threshold temperature of coke gasification determines the temperature of the thermal reserve zone, which has an impact on the energy efficiency of the blast furnace. The common practice to evaluate coke reactivity is to use the CRI test, in which pure CO 2 is used as the gasifying gas and the duration of the test is two hours. Previous research by the authors [27] found that it is important to include all of the main gas components present in the blast furnace shaft. In this research with the BF shaft gas composition, the threshold temperature of coke gasification was the highest for reference coke 1, as expected. Figure 6b shows that bio-cokes start to gasify at around 970-990 • C, whereas the gasification starting temperature of reference coke 1 is around 1020 • C. There is no large difference between the bio-cokes, however, it seems that bio-cokes with the smallest charcoal particles (45-90 µm and 125-250 µm) are the most reactive.
the reduction properties of the iron burden, the threshold temperature of coke gasification determines the temperature of the thermal reserve zone, which has an impact on the energy efficiency of the blast furnace. The common practice to evaluate coke reactivity is to use the CRI test, in which pure CO2 is used as the gasifying gas and the duration of the test is two hours. Previous research by the authors [27] found that it is important to include all of the main gas components present in the blast furnace shaft. In this research with the BF shaft gas composition, the threshold temperature of coke gasification was the highest for reference coke 1, as expected. Figure 6b shows that bio-cokes start to gasify at around 970-990 °C, whereas the gasification starting temperature of reference coke 1 is around 1020 °C. There is no large difference between the bio-cokes, however, it seems that bio-cokes with the smallest charcoal particles (45-90 μm and 125-250 μm) are the most reactive. Figure 7a shows the reactivity of reference coke 2 and bio-cokes with charcoal addition (0-10.0%, 125-250 μm particle size) in isothermal conditions. The difference in reactivity between reference coke 2 and bio-cokes is clear. The mass loss in isothermal conditions for reference coke 2 is 17.6% and for bio-coke with 10% charcoal addition (BC 8) is around 23.4% (Figure 7a ). The reactivity of the biocokes increases when the proportion of charcoal increases. This is in line with the previous research [33] [34] [35] . The higher reactivity of the bio-cokes is attributed to the ash composition of the raw materials, oxygen content, the inhibition of fluidity development in the carbonized blend, the presence of porous isotropic particles from the biomass, functionality of the biomass material, and the microporosity of the cokes [36] . In this study, the basicity of the bio-coke increases from 0.67 to 0.74 when 10% of coal is replaced by charcoal. This might have an influence on the higher reactivity as indicated by Ng et al. [33] . Bio-cokes have higher surface area compared to coke without biomass addition, which further promotes the gasification [34] . The threshold gasification temperature of biocokes is considerably lower compared to reference coke 2 (Figure 7b ). The threshold temperature of reference coke 2 gasification is around 1030 °C, whereas for bio-coke with 10% charcoal addition it is around 990 °C. The final mass loss in non-isothermal conditions at 1100 °C is 9.9% for reference coke 2% and 16.7% for bio-coke with 10% charcoal addition (BC 8). This difference can be considered as substantial and will have an effect on blast furnace behavior. Figure 8a shows the reactivity of reference coke 2 and bio-cokes with Kraft-lignin addition (0-10.0% addition, 125-250 μm particle size) in isothermal conditions. The differences in reactivities between reference coke 2 and bio-cokes with lignin addition are not as notable as in the case of charcoal addition. The final mass loss with reference coke 2 is 17.5% and 20.4% with the most reactive bio-coke, with 10.0% lignin addition. The differences with other bio-cokes is surprisingly small. The smaller difference could be explained by the fact that Kraft-lignin has quite a small yield in bio-coke. This means that there is a smaller amount of lignin-based char left in the bio-coke compared to bio- Figure 7a shows the reactivity of reference coke 2 and bio-cokes with charcoal addition (0-10.0%, 125-250 µm particle size) in isothermal conditions. The difference in reactivity between reference coke 2 and bio-cokes is clear. The mass loss in isothermal conditions for reference coke 2 is 17.6% and for bio-coke with 10% charcoal addition (BC 8) is around 23.4% (Figure 7a ). The reactivity of the bio-cokes increases when the proportion of charcoal increases. This is in line with the previous research [33] [34] [35] . The higher reactivity of the bio-cokes is attributed to the ash composition of the raw materials, oxygen content, the inhibition of fluidity development in the carbonized blend, the presence of porous isotropic particles from the biomass, functionality of the biomass material, and the microporosity of the cokes [36] . In this study, the basicity of the bio-coke increases from 0.67 to 0.74 when 10% of coal is replaced by charcoal. This might have an influence on the higher reactivity as indicated by Ng et al. [33] . Bio-cokes have higher surface area compared to coke without biomass addition, which further promotes the gasification [34] . The threshold gasification temperature of bio-cokes is considerably lower compared to reference coke 2 (Figure 7b ). The threshold temperature of reference coke 2 gasification is around 1030 • C, whereas for bio-coke with 10% charcoal addition it is around 990 • C. The final mass loss in non-isothermal conditions at 1100 • C is 9.9% for reference coke 2% and 16.7% for bio-coke with 10% charcoal addition (BC 8). This difference can be considered as substantial and will have an effect on blast furnace behavior. Figure 8a shows the reactivity of reference coke 2 and bio-cokes with Kraft-lignin addition (0-10.0% addition, 125-250 µm particle size) in isothermal conditions. The differences in reactivities between reference coke 2 and bio-cokes with lignin addition are not as notable as in the case of charcoal addition. The final mass loss with reference coke 2 is 17.5% and 20.4% with the most reactive bio-coke, with 10.0% lignin addition. The differences with other bio-cokes is surprisingly small. The smaller difference could be explained by the fact that Kraft-lignin has quite a small yield in bio-coke. This means that there is a smaller amount of lignin-based char left in the bio-coke compared to bio-cokes made from charcoal. The BI (%) of the bio-coke decreases with the increasing share of Kraft-lignin in the coal blend. With 10% Kraft-lignin addition, the BI (%) is 0.64, which is slightly lower than the reference coke at 0.67. This might also have the effect of lowering the reactivity of the bio-coke. In the threshold temperature of coke gasification (Figure 8b) , the difference between the threshold temperatures is around 10 • C at maximum. Reactivity results show that bio-cokes, especially bio-cokes with charcoal addition, gasify more rigorously than reference cokes. This implies that the post-reaction strength of bio-cokes would be lower than reference cokes.
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Texture of the Produced Cokes
Investigations of polished sections under optical microscopy revealed substantial differences in the textures of samples of the reference coke (Figure 9a,b ) and the samples prepared with the addition of charcoal (Figure 9c,d) and Kraft-lignin (Figure 9e,f) . The texture of reference coke looks quite similar to that of typical industrial coke, and the pore size in this experimental coke varies between 10 and 100 μm, being, on average, about 50-70 μm. The appearance of additive-bearing samples indicates the presence of particles of additives that were not fully destroyed (homogenized) during the coking process. Figure 9c shows relatively large particle of charcoal, which were incorporated in the solid state into the soft coal-related matrix. The soft material has penetrated between the sharp outlines of the charcoal particle (as can be seen on the top of the particle). The particle was fixed in the matrix during the solidification stage of the coke. Figure 9d shows two closely-located ellipticallyshaped charcoal pieces, which are enclosed into the matrix and form relatively large (200-350 μm) cokes made from charcoal. The BI (%) of the bio-coke decreases with the increasing share of Kraftlignin in the coal blend. With 10% Kraft-lignin addition, the BI (%) is 0.64, which is slightly lower than the reference coke at 0.67. This might also have the effect of lowering the reactivity of the biocoke. In the threshold temperature of coke gasification (Figure 8b) , the difference between the threshold temperatures is around 10 °C at maximum. Reactivity results show that bio-cokes, especially bio-cokes with charcoal addition, gasify more rigorously than reference cokes. This implies that the post-reaction strength of bio-cokes would be lower than reference cokes. 
Investigations of polished sections under optical microscopy revealed substantial differences in the textures of samples of the reference coke (Figure 9a,b ) and the samples prepared with the addition of charcoal (Figure 9c,d) and Kraft-lignin (Figure 9e,f) . The texture of reference coke looks quite similar to that of typical industrial coke, and the pore size in this experimental coke varies between 10 and 100 μm, being, on average, about 50-70 μm. The appearance of additive-bearing samples indicates the presence of particles of additives that were not fully destroyed (homogenized) during the coking process. Figure 9c shows relatively large particle of charcoal, which were incorporated in the solid state into the soft coal-related matrix. The soft material has penetrated between the sharp outlines of the charcoal particle (as can be seen on the top of the particle). The particle was fixed in the matrix during the solidification stage of the coke. Figure 9d shows two closely-located ellipticallyshaped charcoal pieces, which are enclosed into the matrix and form relatively large (200-350 μm) 
Investigations of polished sections under optical microscopy revealed substantial differences in the textures of samples of the reference coke (Figure 9a,b ) and the samples prepared with the addition of charcoal (Figure 9c,d) and Kraft-lignin (Figure 9e,f) . The texture of reference coke looks quite similar to that of typical industrial coke, and the pore size in this experimental coke varies between 10 and 100 µm, being, on average, about 50-70 µm. The appearance of additive-bearing samples indicates the presence of particles of additives that were not fully destroyed (homogenized) during the coking process. Figure 9c shows relatively large particle of charcoal, which were incorporated in the solid state into the soft coal-related matrix. The soft material has penetrated between the sharp outlines of the charcoal particle (as can be seen on the top of the particle). The particle was fixed in the matrix during the solidification stage of the coke. Figure 9d shows two closely-located elliptically-shaped charcoal pieces, which are enclosed into the matrix and form relatively large (200-350 µm) pore-like spaces around them. These two particles are attached to the matrix only partly and there are empty spaces between them and the matrix. Similar observations were also noticed in samples of coke prepared with Kraft-lignin. The particles of this additive retain their primary outlines and they form pore-like space around them, having partial contact with the surrounding matrix. However, the size of such space is smaller than in the case of charcoal, and it also entirely depends on the size of the particles of the additive.
The interaction of coal and the additives can be described as a physical mixing with penetration of the soft mass into the particles with subsequent solidification (corresponds to coke solidification stage) and fixation of the particles in the matrix. The appearance of irregular, large, pore-like spaces with weak fixation of particles inside them can probably cause anisotropy of properties and, because of this, additive-bearing coke may have lower compression strength, as is generally indicated on Figure 5 . 
Implications on the Blast Furnace Process and Further Development Needs
Despite the general standard of using low reactivity coke in blast furnaces, in recent years a significant research interest has been shown towards the utilization of highly-reactive coke [36] [37] [38] [39] [40] . The interest for using high reactivity coke arises from theoretical considerations, which show that a decrease in the equilibrium temperature between reducing gas and wüstite (Fe 1−x O) in the BF shaft can increase the gas utilization rate (CO 2 /CO-ratio), resulting in lower fuel consumption [38] , which would bring significant economic savings. Utilization of high reactivity coke is one possibility to achieve this. In a Japanese Muroran BF, the use of high-reactivity coke decreased the fuel rate by 10 kg/thm (roughly 2%) [37] . High reactivity coke could also improve the softening and melting properties of iron ore [40] .
Bio-cokes produced and evaluated in this research showed higher reactivity compared to reference cokes, thus providing alternative options for high-reactive coke use in the blast furnace. The reactivity of the bio-cokes increases substantially even with small addition rates of biomass-based raw materials, especially with charcoal addition. This finding implies that, from the blast furnace efficiency point of view, a reduction in the thermal reserve zone temperature may be realized with bio-cokes containing a small share of the biomass component. The fossil-based CO 2 emissions would be decreased not only by using biomass-based raw materials, but also due to lower reducing agent consumption in the blast furnace.
The main concern related to bio-cokes is their inferior cold strength and strength after reaction compared to metallurgical cokes. Low cold strength contributes to difficulties during the handling and charging of the bio-cokes and excessive dust formation in the upper part of the blast furnace. Low strength after reaction with CO 2 and H 2 O results in reduced furnace permeability and the loss of increased pressure. In this research it was shown that by increasing the bulk density of the coal charge, the cold compression strength of the bio-cokes with charcoal addition can be maintained at a feasible level. Principles of stamp coke production could be applied to bio-coke production to increase the cold and hot strength even further [41] . It has been stated that the strength after reaction decreases with the smaller charcoal particle size [30] . In this research, the strength after reaction was not evaluated but, from the reactivity tests, it can be concluded that with smaller particle sizes the reactivity increases more than with larger particles, thus indicating a lower CSR.
In this research, Kraft-lignin was added to the coal blend after drying and sieving. Carbonization of the Kraft-lignin before adding to the coke blend and compaction of the blend could be viable measures to increase the density of the charge thus providing better circumstances for coke property development. Kraft-lignin addition increased the reactivity of the bio-coke only moderately compared to reference coke, which indicates that its strength after reaction could be maintained at a reasonable level. The share of unwanted elements (e.g., S, Na, K) in the Kraft-lignin is high compared to coking coal. However, with addition rates up to 10%, their total input increases only moderately (S, Na), or even decreases (K) due to the low ash amount. Furthermore, organically-associated sulfur in Kraft-lignin can be partially released in the carbonization stage [42] , enhancing its metallurgical properties. In future studies, attention should be placed to the hot strength of the bio-cokes, as done in [24, 25] for different coke grades.
Conclusions
In this study, the impact of charcoal and Kraft-lignin addition on the cold strength and reactivity of the produced bio-cokes was investigated. The following conclusions can be drawn from the results of the research work:
1.
Thermal degradation of the coal, charcoal, and Kraft-lignin differ considerably from each other. Kraft-lignin loses a major share of its mass before the coal starts to soften, thus creating empty spaces that coal has to fill. Together with the fact that oxygen-containing gases are released during the plastic stage of the coal, Kraft-lignin in coal blends has an active role in the final coke formation. Charcoal has lost the majority of its volatiles already in the pyrolysis stage and acts mainly as an inert material in the coal blend.
2.
Charcoal addition does not reduce the bio-coke strength compared to reference cokes when the charcoal addition rate was 5% and the particle size of the added charcoal was altered. The highest cold compression strength was obtained with bio-cokes having particle sizes of 125-250 µm.
Optical microscope images showed that soft coking mass has, in some cases, penetrated into the charcoal cells and solidified there, thus contributing to cold strength development.
